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Presenter
Presentation Notes
Accurate designs require models representing appropriate processes but must also be based on accurate input data to characterize the reservoir and its mechanical properties. This sections deals with input data, sources of data, calibration between multiple data  sources, and verification of data. 
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In This Session …

• Discuss input data required for 3D frac models
• Introduce the complete stress equation as 
implemented in GOHFER

• Break apart the elements of the stress equation
– Poisson’s Ratio and Young’s Modulus
– Net Effective Stress

• Pore Pressure, Overburden Pressure, Biot’s Constant

– External Stress Boundary Conditions

• Height Containment Mechanisms other than 
Stress Contrast

Presenter
Presentation Notes
We will discuss the complete stress equation as implemented in GOHFER.  At first, we will introduce a simplified version of the equation, and as we discuss each element, we will expand upon it.
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Types of Input Data

• Control of Stress Profile
– Poisson’s Ratio

– Young’s Modulus

– Stress and Strain Offsets

– Pore Pressure

– Biot’s Alpha

– Depth

– OB Gradient

• Control of Fracture 
Growth
– Stress Profile

– Process Zone Stress

Other input data relating to fluid loss and efficiency, 
fluid and solid transport, and post frac production will 

be discussed later.

Presenter
Presentation Notes
Looking at the controls on created fracture geometry leads us to investigate rock elastic properties, in-situ stress state and stress distribution. These things primarily affect fracture shape. Along the way we need to re-evaluate the assumptions inherent in our fracture mechanics modeling, either linear-elastic or non-linear. Effects of variations in pore pressure with location and time need to be considered. Pore pressure directly affects closure stress, therefore fracture propagation and final geometry.
In many cases fluid leakoff is lumped into a single volumetric balance term. A more detailed examination of fracture geometry and proppant placement shows that spatial variations in leakoff caused by permeability and porosity distributions can have a huge impact on where the frac goes and, more importantly, where the proppant goes. Similarly, natural fractures and their impact on leakoff and transport are one of the single most dominant impacts on job success or failure. These things together determine the final design pumping schedule that can be run.
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Definition of Stress and Pressure

• Stress and pressure are both terms for the magnitude of an 
applied force per unit area (lbf/in2, Pa, bar, atm, kg/m2, etc.)

• the term “pressure” is applied to fluids
– Pressure acts equally in all directions

– Pressure has magnitude only

• The term “stress” is applied to solids
– Stress has direction and magnitude

– Stress is considered to be a vector or tensor quantity

– Stress is not isotropic

– Positive stresses lead to compression and negative stresses to 
extension

Presenter
Presentation Notes
One of the most important parameters used in fracture design and evaluation is total fracture closure stress or treating pressure. Both stress and pressure refer to a force per unit area. In some cases “stress” and “pressure” may be used interchangeably, but they are considered to be different for this discussion. The term “pressure” will always be used to refer to a fluid pressure which acts equally in all directions and has magnitude but not direction (a scalar variable). The term “stress” refers to stress within a solid. In this case, stress is not isotropic (equal in all directions) and is therefore a vector or tensor variable with direction and magnitude. For the equations used in this course, a stress resulting in compression is considered positive, while negative stress causes extension. In terms of fracturing fluid pressure, a positive pressure causes fracture opening (compression of the rock outside each fracture face) even though it generates tension (negative net effective stress) at the fracture tips. 
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In Situ Earth Stresses

• Stresses caused by overburden weight 
• Vertical to horizontal transform through confined 
compaction

• Stresses caused by tectonic movements

• Stresses caused by creep‐flow and plasticity

• Effects of pore pressure and its variation

• Stresses caused by diagenesis

Obtain elastic properties from core and logs
Infer all other influences from field measurements

Presenter
Presentation Notes
Stresses in the earth arise from various mechanisms, or overprints of multiple mechanisms, built up over long periods of geologic activity. Unfortunately, only the simplest of these mechanisms are commonly considered. This frequently leads to stress models that fail to represent the actual stress field encountered in normal operations.
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GOHFER’s 
Complete Stress Equation

• Pc = closure pressure, psi
• ν = Poisson’s Ratio
• Pob = Overburden Pressure
• αv = vertical Biot’s 

poroelastic constant
• αh = horizontal Biot’s 

poroelastic constant

• Pp = Pore Pressure

• εx = regional horizontal 
strain, microstrains

• E = Young’s Modulus, 
million psi

• σt = regional horizontal 
tectonic stress
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Presenter
Presentation Notes
The total fracture closure stress equation, as implemented in GOHFER, is shown above. The equation, as written, includes most of the unknowns that make up the stress profile as separate explicit variables. The interaction among all the variables and the sources of data for each must be understood to appreciate the difficulty in estimating a physically consistent and reasonably accurate stress profile.
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Uniaxial Strain:
Deformation in One Direction

σv = POB-αPP

σH

Horizontal stress 
required to assure no 
lateral strain
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Presenter
Presentation Notes
Stresses in large rock masses are often assumed to follow the Uniaxial Strain Theory.  Because a rock layer is assumed to be effectively infinite in areal extent (compared to its thickness) its deformation under an applied vertical load, caused by the overburden weight, is assumed to be limited to the vertical direction.  Under these assumptions lateral strain must be zero.
Through the action of Young’s Modulus and Poisson’s Ratio, an applied vertical load will therefore generate horizontal stresses such that the net lateral (or horizontal) strain is zero.  The value of these induced horizontal stresses can be calculated by direct substitution in the triaxial stress model with all horizontal strains equal to zero. Assuming the two horizontal stresses are equal:





For most sedimentary systems the overburden weight generates a vertical stress roughly equal to one psi/ft of overburden or depth.  This value results from the integration of a bulk density log over depth, or from calculation using an assumed rock specific gravity of 2.65, a fluid specific gravity of 1.0 and an average porosity of 20%.
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Overburden Pressure

• Pob  is the externally applied load

• In GOHFER expressed by:

–Dtvγob
–Where 

• γob is the overburden stress gradient, 
psi/ft

• Dtv is the true vertical depth, feet

Presenter
Presentation Notes
The in-situ earth stresses are primarily driven by the weight of the overburden sediments and fluids. IN GOHFER® a user-defined input overburden stress is used. In general, this is 1.0 psi/ft or 22.62 kPa/m. This value is derived assuming an average sediment porosity of 20%, grain density of quartz sand (2.65 g/cm3) and pore fluid density of water (1.0 g/cm3). The total overburden stress at any depth is then the true vertical depth times the overburden gradient.  
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Net Stress Causes Rock Deformation

• Total Stress Remains Constant

• As pore pressure declines, net stress increases

• σn = Pob – αPp

Pob

σn
Pp = Pi

Pob

σn

Pp = 0

Presenter
Presentation Notes
Stresses in a porous medium can be supported by either “intergranular” stresses transmitted through the solid rock grains, or by pore fluid pressure.  Changes in the bulk volume of a rock sample, or in its shape are caused by stresses transmitted through the rock grains only.  This intergranular stress can be approximated as the difference between the externally applied load and the internal pore pressure.  This difference is also called the “net effective stress” (σn)  on the rock. Experimental evidence has verified that similar deformation occurs if the external stress is changed, while holding constant pore pressure, or if the pore pressure is changed under constant external stress.
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Definition of Strain

Original
Length

Compressed
Sample
Length

L1
L2

ΔL

Presenter
Presentation Notes
When a force, or stress, is applied to a rock specimen the sample changes shape or size.  The deformation of the rock is called strain, and the magnitude of the induced strain is proportional to the applied stress.  For an axially loaded cylindrical sample, the change in sample length divided by the original sample length is defined as the induced strain.  
Strain is a dimensionless parameter which can be positive or negative depending on the agreed upon sign convention.  Typically in fracture mechanics compression is considered to be positive strain and elongation is negative, but this is not always true.  
Strain can be expressed as a fraction, percent, or in terms of  “micro-strains” which is the direct strain measurement multiplied by 106. For example a 1.0 inch long sample which is compacted by 0.0003 inches is said to be under 300 micro-strains.
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Stress/Strain Relationship

(Stress)

F/A

ε = ΔL/L (Strain)

F

L

ΔL A

Presenter
Presentation Notes
In general, a relationship exists between stress and strain. A higher applied load, or stress, usually causes a larger strain. For a perfectly linear, elastic medium the relationship between stress and strain follows a single straight line.  In this kind of material, an increase in stress of 1000 psi (for example) will always develop the same strain, regardless of the original stress magnitude.  Likewise, a decrease of 1000 psi stress will result in the same magnitude of strain unloading. This condition is extremely rare in natural materials. 
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Stress/Strain Slope –
Rock Stiffness

• Young’s 
Modulus:

E=σ/ε

• Higher Slope 
Indicates 
Stiffer 
Material

Stress
(σ)

Strain
(ε)

Presenter
Presentation Notes
Because Young’s Modulus is a measure of the amount of stress required to generate a given deformation of a sample, it is an indication of the hardness or “stiffness” of the material. A high modulus rock requires more applied stress to yield a given strain, so it appears to be stiffer. A very hard, well cemented sandstone or carbonate may have a Young’s Modulus in the range of 10 to 12 million psi. A very soft, friable, or unconsolidated sandstone can have a modulus as low as one million psi or less.
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Young’s Modulus is Not a Constant 
& Deformation is Non‐Linear

Presenter
Presentation Notes
Actual rock samples are generally not linearly elastic.  As the rock begins to deform, the mechanical properties of the sample change. The stress-strain curve for an actual rock sample is a very irregular curve rather than a straight line. The deviation from a straight line is indicative of the non-linearity of the material.
If the sample is stressed to some point and then unloaded, some residual plastic deformation remains.  The residual deformation is an indication of the inelasticity of the sample. Subsequent loading and unloading of the sample can create a series of hysteresis loops in the stress-strain plot. Loading to the yield point, or onset of failure, causes the apparent modulus to decrease rapidly. 
Deformation of the sample, as well as its point of brittle failure, is also a function of the total confining stress on the sample. A value of Young’s Modulus measured on an unconfined sample can be very different than that measured on the same sample at reservoir  stress conditions. This fact sometimes makes it difficult to obtain useful rock elastic properties from laboratory core measurements.  In fact, stress history and saturation conditions both affect the measured value of Young’s Modulus. 
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Core Alteration During 
Coring and Handling 

• Removal of overburden stress while coring:
– Core disking and fracturing

• Removal of confining stress during core recovery:
– Expulsion of trapped pore pressure

– Generation of microfractures

– Anelastic strain (differential expansion) of core

• Thermal contraction

• Dessication and oxidation

• Stress cycling and non‐representative stress states

• Improper restoration of saturation

Presenter
Presentation Notes
Significant changes to the rock fabric occur during coring, core recovery, shipment, and handling. Most of these changes result in the formation of microfractures and relaxation of the rock. This can be observed by applying strain gauges to the core at the time of recovery. Relaxation and anelastic strain occur over a long period following core recovery. Any change in rock volume, stress, strain, or temperature results in a change in the apparent mechanical properties. The core that arrives at the lab for analysis may have little in common with the reservoir in-situ. Core handling procedures, prior to making mechanical properties measurements, should be designed to restore the core to its original condition (as much as possible). 



© 2009Axial Strain

D
iff

er
en

tia
l S

tre
ss

E1

E2 E3

E4

E5

Modulus Depends on Conditions of 
Measurement

Presenter
Presentation Notes
During stress cycling, to restore the core to something approaching in-situ conditions, the stress-strain behavior can follow many paths. At any point a modulus can be defined based on the local slope of the stress-strain curve. These have various names, such as the secant modulus (E5), and various tangent moduli (E1-E4). Each of these has specific meaning in relation to the overall deformation state of the rock. Moduli measured at low stress, or on partially failed rock with open microfractures, will result in low estimates of stiffness and Poisson’s Ratio. Measurements made during unloading, or relaxation cycles, gie a modulus that is too high to describe primary fracture opening conditions. Only a modulus measured under compaction of an approximately intact sample, such as E4 will represent typical fracture face deformation. 
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Definition of Poisson’s Ratio

Poisson’s Ratio = ν = εx / εz

L1

εz=ΔL/L1

εx=ΔD/D1
D1

0 < ν < 0.5

Presenter
Presentation Notes
Another commonly used rock mechanical property is Poisson’s Ratio (). Poisson’s Ratio is defined as the ratio of lateral to axial strain under conditions of axial loading. If a load is applied along a given axis a strain results which is proportional to the Young’s Modulus (E) of the sample. Strains perpendicular to the axis of the applied load also occur. The magnitude of these lateral strains depend on Poisson’s Ratio of the sample. The numerical value of Poisson’s Ratio lies between 0.0 and 0.5.  
A value of zero (0) means that no lateral strain results when a sample is loaded.  
A value of 0.5 means that the sample expands laterally as much as it is compacted axially.  

A soft, incompressible rubber has a Poisson’s Ratio of about 0.5 while rock samples generally range from 0.15 to 0.35.
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Measurement of Dynamic and 
Static Elastic Properties

• Dynamic modulus must be converted to static 
modulus
– Static Modulus: large amplitude at low (zero) frequency 
(load frame tests)

– Dynamic Modulus: small amplitude at high frequency 
(acoustic waves)

• Which stress state best defines the right conditions 
to measure modulus?
– Results affected by strain rate, saturations, temperature, 
frequency, history, time, and many other factors

Presenter
Presentation Notes
Elastic moduli can be determined from both static and dynamic methods. Static measurements involve compressing a rock sample in a load frame and measuring the resulting strain. Dynamic measurements are conducted by passing acoustic waves through the material and computing moduli from wave velocity equations. Both measurements are affected by many experimental conditions. None necessarily represent the true in-situ rock properties. Getting accurate mechanical properties for use in the model can be very difficult. Conversion from one type of measurement to another can also be problematic. The details of core measurement errors and sonic log interpretation are beyond the scope of this introduction. For now it is most important to understand that GOHFER® expects static moduli that represent in-situ conditions during the fracturing process. 
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Modeling of Pp:
Pore Pressure

( )offptvp PDP += γ

Incorrect 
Pressure 

Distribution

Incorrect total 
stress profile

Incorrect 
Fracture 
Geometry

• Usual ‘apparent’ gradient gives pressure only at datum

• In the GOHFER total stress equation

– expressed in more complex form

– reflects change in pressure (and stress) across depth 
interval to be stimulated

Dtv = true vertical depth (feet)
γp = pore fluid gradient, psi/ft
Poff = pore pressure offset, psi

Presenter
Presentation Notes
If the pore pressure distribution is not described accurately, the total stress profile and the resulting fracture geometry will be incorrect. 
Too often, we describe pore pressure using an apparent gradient, implied to be taken from surface to some datum elevation where pressure is specified. This “apparent” gradient gives the pressure only at the datum. At all other elevations the pore pressure calculated from this gradient, hence the fracture pressure, will be wrong. 
In the total stress equation, the pore pressure term is represented by a gravity-head and an offset that is variable with depth. The pore pressure must be expressed in this more complex for to accurately describe the change in pressure (and stress) with depth across the interval to be stimulated. 
The more complex expression of the pore pressure term allows for the pressure and stress to be specified accurately at all elevations, if the pore pressure system is understood.
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Variable Pore Pressure Offset
Geo Pressured Environment

Poff

Top of Overpressure

Pore Pressure Depletion

Apparent pore gradient

D
tv

Pp

Presenter
Presentation Notes
Pore pressures can vary from normal hydrostatic gradients for various reasons. The figure shows the case of a geo-pressured system caused by rapid deposition and under-compaction or geologic uplift of a sealed reservoir. Later episodes of pressure depletion through offset production or breaching of reservoir seals can overprint local pressure offsets. The accurate description of the current pore pressure field is often difficult in real field cases. 




© 2009

Variable Pore Pressure Offset
Gravity‐Capillary Pressure System

Pcgw

Caprock “seal”
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Presenter
Presentation Notes
Another complex pressure system can result from the accumulation of a tall continuous gas column. In this case, the overpressure is highest at the top of the column, although the apparent pore gradient decreases with depth in both systems. In a stable gravity-capillary equilibrium system the observed pore pressure will be the pressure of the continuous phase. In the gas column the pressure will follow the gas gradient instead of the water gradient observed in the surrounding shales and water-bearing sands. The difference between the gas and water pressure is the capillary pressure at each elevation above the free-energy surface. The capillary pressure is related to the saturation distribution for each rock-type of various pore-size and grain-size distribution. 
Understanding the generation of the regional pore pressure environment helps to explain the expected stress profile and allows consistent modeling and prediction of fracture pressures and created frac geometry. 
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Effect of Pore Pressure on Stress

• Pore fluid supports part of the total stress

• Pore pressure depletion increases net stress 
and leads to compaction

• Pore pressure depletion decreases total 
(fracture closure) stress

• Fractures tend to grow into region of lowest 
pore pressure

Presenter
Presentation Notes
To summarize the impact of internal pore pressure on total stress and fracture growth remember that the fluid inside the pore space of the rock supports part of the total externally applied load. As the pore pressure is reduced the rock compacts because the net (intergranular or grain-to-grain) stress increases. The induced strain generates a higher net horizontal stress. The net horizontal stress increases at a slower rate than the pore pressure drops because of the effect of Poisson’s Ratio. The net result is that what we see as fracture pressure goes down with pore pressure and fractures tend to grow into areas of depletion or lowest pore pressure (all else being equal). 
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Pore Pressure Variations Induce 
Closure Stress Contrasts

• Closure Pressure (Pc) is affected by 
Pore Pressure (Pp):

Reservoir Pressure, psi
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Presenter
Presentation Notes
Fracture closure pressure is controlled by net “intergranular” rock stresses and pore pressure.  As a productive reservoir layer is depleted, it may compact as more of the total overburden stress is transferred to the rock framework.  This redistribution of stress causes the horizontal net stress to increase, but at the same time the pore pressure is less than its original value.
The total horizontal stress, or fracture closure pressure, always decreases as a result of pore pressure depletion.  The gain in horizontal stress is overcome by the decrease in pore pressure because the net stress increases at a rate of about 1/3 psi for each 1 psi of pressure decline.
In some reservoirs, the depletion of the producing interval relative to the surrounding rock layers provides the only confining stress contrast available for height containment.  Occasionally, in low permeability reservoirs, height containment can be improved by drawing a well down prior to fracturing.  This technique is effective, if the pressure buildup time is long compared to the time required to perform the frac treatment.
If multiple producing intervals are treated simultaneously in cases where differential depletion exists, only the lowest pressure zone may be fractured.  Differential depletion effects can be overcome in the same way as other adverse confining stress conditions, usually through limited entry designs.
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Closure Stress Change Related to 
Pressure Depletion and PR

Poisson’s Ratio (ν)
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Presenter
Presentation Notes
The change in closure pressure with pore pressure is a direct function of the Poisson’s Ratio of the formation being fractured, assuming that the horizontal stress is related to overburden as usual. The plot shows the influence of Poisson’s Ratio. For a value of 0.2, the closure stress (frac pressure) will change by 0.75 psi for every 1.0 psi change in reservoir pore pressure. 
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Reservoir Pressure Gradients

• Fractures grow into areas of lower closure 
stress or pressure

– vertical fracs grow upward in uniform rock

• Lateral pressure gradients have the same 
effect as vertical gradients

• Drilling and fracing in a pressure gradient can 
lead to asymmetric fracture growth

Presenter
Presentation Notes
Most people are aware that, when confronted by a series of rock layers of different pressure, the lowest pressure zone will frac most easily and at the lowest pressure. The same observation and argument can be applied to lateral variations in pressure. If the fracture senses an area of low pressure, hence low total stress, it will preferentially grow into the low stress zone and follow the path of least resistance. 
One clear example of this is the behavior of blow-out relief wells that are drilled in the vicinity of the down-hole location of a wild well. When cement is pumped into the kill-well it is drawn to the blowout well because of the pressure sink formed. The same mechanism operates in more conventional fracturing. 
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What We Have So Far

• So far we have transformed this:

• to

[ ] phpvob PPP αα +−

( )[ ] ( )offptvhoffptvvobtv PDPDD +++− γαγαγ

So what about that α??

Presenter
Presentation Notes
It might be useful to go back and look at the total stress equation and see what we have discussed so far.
The pore pressure term can be expanded to include fluid density gradients and regional  and local pressure offsets. The net stress is defined as the externally applied load minus the internal pore pressure.  
What we have not discussed so far is a, the Biot’s poroelastic constant that affects how internal pore pressure opposes the externally applied stress.
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Biot’s Poroelastic Constant

• Internal fluid pressure is not transmitted 
perfectly to the rock matrix

• Correction factor applied
– Biot’s poroelastic constant (α)

• So net effective stress is:
– σn = Pob – αPp

– Which should make one part of the GOHFER 
equation recognizable as the net effective stress.

Presenter
Presentation Notes
Because of the irregularity of pore and grain shapes, and because grains can be partially cemented, internal fluid pressure is not transmitted perfectly to the rock matrix. A correction factor, called Biot’s poroelastic constant, is applied to account for imperfect pressure support.  Biot’s constant is represented by the Greek letter alpha (a)
Using the constant, the net effective stress (σn) is the total external load (Pob) minus alpha times the pore pressure (Pp).  Typical values of alpha range from 0.75 to 0.95 for most rock types.
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Biot’s Constant & Its 
Effects on Stress

• Biot’s poroelastic constant (α) is the efficiency with 
which internal pore pressure offsets the externally 
applied vertical total stress

• as α declines, net (intergranular) stress increases and 
pore pressure variations have less impact on net stress

σt

σn
α = 1

σt

σn
α<1

Presenter
Presentation Notes
For the rock to be static, the forces generated from internal and externally applied pressures must be in balance. Total stress, for both cases, is the applied pressure multiplied by an affected area. If a=1 then the internal pore pressure acts over the entire projected area of the rock, as does the applied vertical stress, and the internal and external loads are balanced. As a decreases the internal pressure acts over a smaller fraction of the total rock area. This can be caused by cementation at grain contacts, clay filling, and other depositional and diagenetic factors. In the figure, the loss of projected area is represented by the bellows surrounding the spring (net intergranular stress path). As a declines, the effects of pore pressure on compaction and horizontally transmitted net stress also decrease. In general, lower values of α lead to higher values of net stress and fracture closure stress, for constant pore pressure.
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Possible Correlations for α
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Presenter
Presentation Notes
Biot’s constant is a property that is rarely computed from log data, although theoretical equations exist that allow it the be computed from bulk modulus and grain modulus. Other correlations, of the form shown, suggest that a may vary with effective porosity (neutron-density crossplot porosity corrected for clay content). 
The correlation shown is used for the example without comment as to its actual validity. It follows commonly (but not universally) accepted trends in that a approaches 1 at high porosity and 0 at low porosity.
The behavior of Biot’s a and its relation to rock elastic and plastic properties is one of the major unknowns that is commonly ignored in most stress computation.
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Assumptions in Stress Calculations

To calculate Pc assumptions must obviously be 
made about α – possibilities include:

• αv = αh f(PHIE), constant strain offset

• αv = αh f(PHIE), constant stress offset

• αv variable, αh=1, strain offset

• αv = αh=1, strain offset
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Presenter
Presentation Notes
For reference, the complete stress equation is shown again. The various assumptions made for the stress computation in the example are shown. These are by no means the only possible combinations of assumptions, but they serve to show the affect of these assumptions on the computed stress profile, even when using the same input data.
The first assumption set computes both vertical and horizontal a from the effective porosity correlation. All other overburden and pore fluid gradients and offsets are used to compute the total closure stress. Finally a constant regional tectonic strain is used to match the computed stress to the measured stress at one point.
In the second case, the same computations are made but the resulting stress is matched to the observed stress using a constant stress offset.
In the third case the vertical a is compute from porosity and the horizontal a is set equal to 1 for all depths. Final adjustment is through a strain offset.
Finally, the effects of a are ignored completely by setting both vertical and horizontal coefficients to 1. This is the most commonly made assumption. The computed stress is adjusted through a regional strain.
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Resulting Stress Profiles

Depth, feet
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Presenter
Presentation Notes
The illustration shows the difference in results caused by the assumptions made. The most common assumption gives a stress profile with no variation and no chance of confinement of a fracture in the pay zones. If fracture mapping or tracing indicates that the fracture is contained, the modeler is left reaching for excuses to generate this containment.
At the other extreme, setting ah=1 and computing av from porosity, with a regional strain boundary condition, gives a large stress contrast and the probability of excellent containment. This method is accepted by many in the rock-mechanics community (but, of course, not all) as the most rigorously correct approach. Conveniently for us, it also gives us the answer we would most like in terms of a contained fracture geometry.
Other assumptions generate sporadic poor, thin confining beds or negative confinement. So, any answer is possible with the same input data and different interpretations of the same stress model.
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Drained vs. Undrained Poisson’s Ratio 
and Young’s Modulus in Coals

• Drained Test:
– Pore fluid is free to escape 

or compress
– Pore pressure constant 

with compaction
– Cleats support load and 

may shear
– ν=0.35

• Undrained Test:
– Pore fluid is trapped and 

incompressible
– Pore pressure increases 

with compaction
– Pore fluid supports total 

stress
– ν=0.5

Presenter
Presentation Notes
If shear slip and decoupling occurs, the fracture growth pattern changes dramatically. In the illustration, the fracture no longer has a huge stress concentration at the tip, because this energy has been lost to shear along a bedding plane or shale lamination. Now the rock above the shear plane is no longer torn apart by the tension or wedging action of the fracture. Instead, the shear plane is invaded by frac fluid which must now find a flaw to re-initiate the fracture on the upper side of the shear plane. If the rock is permeable or porous and can be invaded by the fluid, the net stress can be reduced to the point of fracture initiation. In impermeable rocks, the fracture may re-start if a pre-existing fracture is invaded or some flaw in the rock is opened by interactions with the shear motion or direct pressurization by the fluid. 
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Triaxial Loading: 
Defined by Three Principal Stresses

σy

σx

σz
E = σz/εz

ν = εy/εz

Is the material 
homogeneous 
and isotropic?

Presenter
Presentation Notes
When stresses are applied along more than one axis, strains result from superposition of each applied stress.  For example, a net stress in the y direction produces a strain along the y axis which is proportional to Young’s Modulus (E) in the direction of the applied load. Strains normal to the y axis (i.e., in the x and z axes) are generated which are proportional to Poisson’s Ratio in each direction, and the strain in the y axis. In an anisotropic medium these x and z direction strains may not be equal. Note that the direction of the x and z strains is opposite to the direction of strain along the applied stress axis.  For example, a compressive stress applied in the y direction causes compression in the y direction.  Because of this compression the sample will tend to expand in the x and z directions.
When stresses are applied from all three directions the total strain in each orientation must be calculated by adding the positive and negative strains induced by each load.
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σz=σv

σr=σh

σr≠σH

σr≠σv
σz=σh

σr≠σH

σr≠σH

σr≠σh

σz≠σv

Optimum angle 
for shear along 
horizontal 
bedding

A

B

C

Oriented Anisotropic Core Data: 
What does it mean?

Presenter
Presentation Notes
Core plug samples are often used to define rock anisotropy. Core plugs can be taken at various orientations and will give different results. The problem is that many core orientations fail to represent reasonable in-situ stress or loading conditions. A vertical plug, as in A, applies an axial load representing the vertical overburden net stress. The equal radial confining stresses approximate the two horizontal stresses, which may not be equal in the field. This arrangement decreases shear stress components along bedding planes that may contribute to failure. A horizontal plug, as in B, uses the radial stress to represent both the maximum vertical stress and one horizontal stress, while the axial stress represents the other horizontal stress. This arrangement does not come close to representing realistic in-situ stresses. Stress-strain and failure behavior for this orientation may have no meaning. Variation in modulus in a layered or laminated medium can result in local stress concentrations and an incorrect assessment of apparent “horizontal Young’s Modulus”. The plug orientation shown in C will give arbitrary results depending on the core axis orientation relative to bedding and the actual stress field. None of the axial or radial stresses represent field conditions. 
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Fractures, Laminations, and Sample 
Scale Effects in Shale

Presenter
Presentation Notes
Formations are, in fact, anisotropic and inhomogeneous. The figures show various shale core samples representing different types of anisotropy. A: Clay-rich shale with no natural fractures. B: Fractures healed with pyrite. C: Fractures healed with bitumen. D, E: Fractures healed with calcite. Centimeter scale bar. F: Micro-fracture with calcite cementation in thin-section. Laminations and mineralized fractures can provide selective planes of weakness that control failure and fracture orientation. 
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Homogeneity and Anisotropy: 
What are we measuring?

Presenter
Presentation Notes
The figures and comments are taken from a paper discussing the apparent anisotropy of Khuff limestone (Al-Shayea). In small scale samples the rock appears to be isotropic and homogeneous. This is what a lab sample sees. In outcrop the formation is highly fractured and clearly anisotropic and inhomogeneous. This is the scale investigated by borehole logs. What we are presented from logging tools is a large-scale average of rock properties measured by the tools (sonic velocity, neutron density, etc.) not local rock mechanical properties. Correlation of lab core data to logs can be difficult and ultimately impossible in some cases. A fundamental understanding of what the measurements actually represent is essential. 
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What Are the Mechanical Properties of 
This?

Presenter
Presentation Notes
When dealing with coal and shale, the problem of scale is exacerbated. Coals have cleat systems that may be spaced on the order of centimeters. Mechanical properties are highly directional and scale dependent. Getting representative laboratory scale samples may be impossible. Any log measurement will likely fail to adequately describe the true heterogeneity of the material. Similar problems occur with shales, along with problems of drained and undrained mechanical behavior.
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More Complex
Realistic In‐Situ Stress States 

σy

σz

σx

Actual in‐situ stresses 
can only be determined
by direct measurement.

σx ≠ σy ≠ σz

Presenter
Presentation Notes
Actual in-situ stresses in the earth are generally far more complex than that illustrated by the Uniaxial Strain Theory.  In reality, rock strata are subjected to more than uniaxial loading. Both folding and faulting in the earth’s crust generate additional horizontal or inclined stresses, commonly called tectonic stresses. These stresses cannot be predicted based on theory, but must be measured directly.  In addition, rocks are not purely elastic materials.  
Visible folding is a clear illustration that rocks will flow and deform as fluids or plastics when under the influence of stress over a long time period.  In many rocks, such as halite, marble, or some shales, the actual state of stress may be nearly lithostatic (equal to the overburden weight) in all directions, as would be the case in a fluid which transmits pressure equally in all directions.
In most cases, it is likely that the three principal stresses will all be different and that horizontal stresses predicted by simple strain models will not be accurate.  Actual in-situ stresses can only be determined by direct measurement.  Simple models must be relied on in absence of actual data, but should not be used with a high degree of certainty.




© 2009

In‐Situ Stress Field Controls 
Fracture Orientation

• Fracture orientation 
determined by 
relationship of principal 
stresses

• Stress distribution controls 
fracture orientation, height 
containment, treating pressure 
magnitude, and change in 
treating pressure during 

• Orientation of induced fractures 
controlled primarily by the 
stress difference between the 3 
principal stresses

• the major displacement 
(opening of fracture width) 
occurs in the direction of the 
minimum principal stress

σ1

σ2

σ3

Presenter
Presentation Notes
Understanding the distribution of stresses is critical to understanding fracture growth, geometry, and treating pressures.  Stress distribution controls factors such as fracture orientation, height containment, treating pressure magnitude, and change in treating pressure during the job.
The orientation of induced fractures in the earth is controlled primarily by the stress difference which exists between the three principal stresses. As with most things in nature, the fracture will take the path of least resistance.  For a fracture that means that the major displacement (opening of the fracture width) will occur in the direction of the minimum principal stress.  Therefore, the plane of the fracture will always be normal to the minimum stress direction, and fractures will always propagate in the direction of the maximum and intermediate principal stresses. 
The magnitude of the various stresses, especially the minimum stress, determines the fluid pressure required to open a fracture, as will be shown in detail later.  Variations in stresses from rock layer to layer control both the magnitude of the treating pressure and its trend through time by controlling created fracture height.
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External Stress Boundary 
Conditions
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Presenter
Presentation Notes
There is still one part of the Total stress equation that we have not discussed in detail. These are externally applied stresses that result from tectonic stress or strain boundary conditions acting on the rock. These cannot be determined from logs or core, nor can they be predicted accurately from theory. They must be determined experimentally through direct observation by field pressure tests.
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Handling Tectonic Stress

• Two ways
1. a constant  regional stress can be added to one 

(or both) horizontal stresses over some vertical 
extent

2. assume some regional strain which then 
generates a different stress in each layer, 
according to its stiffness
• allows component of stress proportional to Young’s 
Modulus

• shown to work effectively in many field cases

Presenter
Presentation Notes
Typically the horizontal stresses are assumed to be equal when calculating fracture extension or closure pressure. In fracture design only the minimum stresses are required. These may need to be adjusted to match observed treating pressure or fracture containment. The observed stresses can deviate from the theoretical stresses for several reasons. A major cause of variation is tectonic stress. It can be induced by regional or local earth movements.
Tectonic stress corrections can be applied in two ways. Most simply, a constant  regional stress can be added to one (or both) horizontal stresses over some vertical extent. A more reasonable method is to assume some regional strain which then generates a different stress in each layer, according to its stiffness. This approach allows a component of stress proportional to Young’s modulus, independent of Poisson’s ratio, and has been shown to work effectively in many field cases.
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Regional Strain
Produces Tectonic Stress

Regional Strain CompressionTension

Presenter
Presentation Notes
The figure shows a classic experiment published by M. King Hubbert which show the effects of lateral strain on rock deformation and in-situ stress state. 
In the model a series of uniform sand layers are disturbed by moving a vertical panel to the right. The sand to the left of the baffle is put under tension and exhibits a reduced closure stress until the sand fails in tension, resulting in formation of a normal fault. A hydraulic fracture induced in the sand while under tension will be parallel to the baffle.
The sand to the right of the moving baffle is under compression and exhibits a higher closure stress than expected. A hydraulic fracture initiated in the compressed sand will be perpendicular to the baffle. The compressive stress may be released by formation of thrust faults.
This constant lateral strain boundary condition model has great power and applicability in the estimation of stress profiles.
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Estimated Stresses Depend on the 
Model Used

Presenter
Presentation Notes
This schematic shows clearly that a stress offset does not capture the stresses that should arise based on either the plane strain model or the strain offset model.  Furthermore, these estimates can only be made after an injection has been conducted in some zone in the well.
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Stress Adjustments Through 
Tectonic Strain
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Presenter
Presentation Notes
This shows why we favor the simple strain model that depends only on Young’s Modulus.  Since we have only one injection interval it is impossible to reliably adjust a two parameter model.  Once the tectonic adjustment was made, the permeable zones showed lower stress than the siltstones.
This is not the case for the original well.  Since the original well was in a relaxed tectonic state, the lithostatic stresses will dominate the stress profile.  Hence the siltstones are lower stress than the permeable sandstones which have a higher Poisson’s ratio.
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GOHFER’s Total Stress Equation

We have now examined the various parts of the 
total stress equation:
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Presenter
Presentation Notes
The fully expanded stress equation used in GOHFER® is shown in the figure. In completing the generation and population of the grids in the GOHFER® input section, we will address each of the variable in the equation as shown. Each variable is represented by a grid in the model whose input values must be defined through log processing and field measurements. 
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Other Height
Containment Mechanisms

• Inelastic energy dissipation
– shear failure

– bed slip

– natural fractures

– plastic deformation

Need to re‐examine classical LEFM models
(Linear Elastic Fracture Mechanics)

Presenter
Presentation Notes
As mentioned, stress and pore pressure contrasts are important factors in controlling height growth and containment. They are not, however, the only factors that affect height growth. Real rocks are far from homogeneous elastic media. They contain many planes of weakness or variation in properties that can act as stress concentrators or planes of failure. In many cases, rocks at high confining stress fail to behave elastically at all, and can better be described as visco-elastic fluids or plastic materials. 
The impact of these other mechanisms must be considered, with the result that the application of linear-elastic fracture mechanics theories to rock must be seriously reconsidered.  
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Plastic Deformation of Rocks  
Under Confining Stress

Original Sample
4000 psi 

Confining Stress
6500 psi 

Confining Stress

Presenter
Presentation Notes
The Uniaxial Strain model, used to estimate in-situ stresses, assumes that all stresses result from elastic deformations and elastic mechanical properties of the rocks. However, when rocks have been exposed to a relatively uniform stress over a very long time period, or when they are deformed under high confining stress, inelastic deformations can overwhelm the rock elastic properties.
The effects of confining stress on sample plasticity are illustrated in the figure. The core sample shown is marble which has been loaded axially to 20% strain. The left photo is the original condition of the sample.  The center photo is a sample deformed under 4,000 psi confining stress, with a additional axial load sufficient to cause 20% strain.  The high angle shear fractures resulting from sample failure are clearly evident.  The right photo is a sample deformed under 6,500 psi confining stress, with the same axial strain. The degree of plastic flow is evident in this sample, while no brittle failure (shear fractures) is evident.
The same behavior occurs in reservoir rock samples.  The unconfined compressive strength of most sands, where shear failure occurs, is fairly low (less than 10,000 psi).  However, under reservoir confining stress the same sample may support an axial load of more than three times its unconfined compressive strength without failure.
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Rocks Behave Like Plastic Materials

Presenter
Presentation Notes
Another indication of the plastic nature of rocks is the amount of folding possible over a short distance. It is worth remembering that slow deformation, or creep flow of rocks can cause horizontal stresses far above those predicted by the uniaxial strain model commonly used. These effects are magnified in more plastic sediments such as some shales.
Because of the inelastic behavior of rocks it is nearly impossible to predict the magnitude of in-situ stresses using simple theoretical models.  An accurate stress value can only be obtained by direct measurement.  An understanding of the behavior of rocks under load can be useful in predicting the variation of stress among several adjacent layers, once a stress magnitude is measured in one layer.
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Are All Shales the Same?
Brittle vs. Ductile Behavior

Presenter
Presentation Notes
The photographs compare the overall appearance of Barnett Shale and shale from the Upper Cretaceous, WCSB. Shale can behave as a brittle material and generate a complex fracture network during failure, as in some Barnett shale samples. Shale may also deform plastically, more like a sponge or soft clay, as in the WCSB shale shown. Defining brittle versus ductile failure may help in the selection of stimulation designs for different gas-shale developments. 



© 2009

Brittle Rocks

Ductile Rocks

Definition of Brittleness Based on
E (YMS_C) and ν (PR_C)

YM_BRIT = ((YMS_C - 1)/(8- 1)) * 100  
PR_BRIT = (( PR_C- 0.4)/ (0.15 - 0.4)) * 100
BRIT = (YM_BRIT + PR_BRIT) / 2

Presenter
Presentation Notes
Mike Mullen (SPE 115258) presents a method to estimate a “Brittleness Index” from log-derived mechanical properties. The index uses a combination of YME and PR to define brittleness with the expectation that a material with high YME and low PR will behave as a brittle material. A formation with low YME and high PR is considered to be ductile.
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Proposed Fracture Stimulation 
Choices Based on Brittleness

Mullen, SPE 115258

Presenter
Presentation Notes
The mode of fracturing and generated fracture apertures are assumed to be linked to the expected brittleness. Formations that promote extensive shear failure and brittle network fractures are expected to perform better with slickwater treatments. Softer, more ductile materials require wider propped fractures and may be better treated with crosslinked fluids. These conclusions and recommendations imply there is a link between the mechanical properties derived from logs and the actual embedment strength of the material, and its ability to sustain conductivity in generated shear or network fractures.  
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Definition of Brittle‐Ductile Failure

Quasi-plastic or strain-hardening Brittle failure or strain-softening

Presenter
Presentation Notes
More conventionally, brittle-ductile behavior is characterized by the mode of failure of a material. The figure presents the stress-strain behavior of two varying geologic materials involved in land slippage. The left diagram presents stress-strain behavior of a quasi-plastic, or strain-hardening material, such as normally consolidated clay. The right-hand plot shows the behavior exhibited by brittle materials, such as overconsolidated clay or bedrock, which tend to exhibit strain-softening behavior. A Plasticity Index is defined for a given material based on its moisture content and changes in failure mode. Any shale can exhibit either brittle or ductile behavior depending on saturation state, and conditions of deformation (drained or undrained, fast or slow, etc.). 
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Ternary Diagram of the mineralogy of four Barnett 
Shale Wells

Quartz

ClayCarbonate

Q
uartz R

ich

SPE 115258

Presenter
Presentation Notes
Another method for characterizing shale formations is based on mineralogy. In general, higher quartz content shales are expected to exhibit more brittle behavior. Ductility increases with clay content. These qualitative conclusions will be affected by the type of clay and its position in the structure (intergranular or grain coating), and by the saturation and deformation state of the sample. The data shown were derived from four Barnett Shale wells, indicating that rock character can change dramatically, even within the same reservoir.



© 2009

Ternary Diagram of the mineralogy of all Shales in the 
North America Database

Quartz

ClayCarbonate

1: Brittle quartz rich
2: Brittle carbonate
3,4: Ductile, hard to frac

Presenter
Presentation Notes
When comparing shale-gas plays to the Barnett, or any other analog, the analogy must be used with caution. The data plotted here are from shale plays covering North America. Each has an analog somewhere in the Barnett, but none always behave like one particular Barnett well. 
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Plasticity and Creep:
Effects on Stress Estimates

• Apparent Poisson’s Ratio approaches 0.5 

• Horizontal stresses become nearly equal

• Horizontal stress can almost equal 
vertical stress

• Tendency for strong height containment 
in clay‐rich, plastic sediments

• Possible blunting or fracture truncation

Presenter
Presentation Notes
Because dynamic measurements are based on elastic deformations at high frequency and small amplitude, they frequently are not consistent with the stress state found in “real” rocks which have been under a stable strain environment for long time. When plasticity and creep become dominant in the stress field we are forced to employ empirical rules to the calculation of stress. If plastic formations can be identified by drilling problems, borehole instabilities, heaving, or just by mineralogy, the dynamic log data may be over-written.
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Lithologies Susceptible 
to Plastic Creep

• Coals

• Carbonates (at great depth)

• Gumbo Shales

• Evaporites

–Halite
–Anhydrite

Presenter
Presentation Notes
The plasticity of organic rich coals and carbonaceous shales is well known.  With shales, the log data shows a wide range in Poisson's ratio, even for their elastic properties, indicating that the differences in different shales can be easily detected.  In our experience, those with a higher elasticity are also more plastic.  
For shales, engineering plastics are a good model.  An elastic material such as teflon that is susceptible to plastic creep can be reduced by adding composite to the material.  Silts have that effect in shales.
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Confirming Input Data Accuracy

• Need direct mapping of 
fracture growth

• Most data suggests that 
containment is much 
better than expected

• The stress model used 
is at least as important 
as the input data 

• Elastic properties 
derived from sonic logs 
may not be the most 
useful

• Surrogate properties may 
give more predictive 
results

• Poroelasticity is 
important and may give a 
time and permeability 
dependence on apparent 
stress

• Assuming αv(PHIE) and αh=1 gives the largest 
stress contrast in most 
systems

• Often other containment 
mechanisms must be 
invoked (shear‐slip and 
layered media)

Presenter
Presentation Notes
The purpose of processing logs and core data is to construct an accurate and predictive model for fracture growth. Obviously, we would like to know which data provides the right answer, assuming that there is a consistent “right answer” for all environments. At this time, we don’t have that answer, but we have strong suspicions, and we have the tools necessary to get the answer.
Most fracture mapping studies that have been published indicate that fracture height containment is better than expected. The “correct” model generates predictions that come closest to these observations. Even with the highest stress contrast computed from synthetically derived rock properties and maximum poroelasticity effects, occasionally other containment mechanisms must still be invoked to model the degree of confinement observed. These other mechanisms often rely on interface shear, layered-media effects, or discontinuities in the rock which probably do exist. The difficulty is that these discrete or discontinuous events are hard to measure and hard to predict.
In any case, modeling results and fracture design efforts will be greatly improved by starting out with the best estimate of stress profile possible using the available data. So, mechanisms that significantly affect stress computations can’t be ignored. We need to get data to quantify the parameters in the stress model, then apply the correct boundary conditions and processes to predict stress. Ignorance of the laws of physics is no defense and what we don’t know can hurt us (or at least our modeling results).
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